This paper presents an improved stator flux oriented (SFO) control system for a stand-alone induction generator. The induction generator supplies a variable resistive dc load. In order to provide an essentially constant terminal voltage, the product of the rotor speed and the stator flux reference should remain constant. However, in this case the control system is not able to function properly at different loads and dc-link voltages. In this paper, we introduce a new algorithm in which this product is constant at certain dc-load and dc-link voltage references. The dependence of the stator flux reference on the dc load and dc voltage reference is mapped using an artificial neural network (ANN). We also present an analysis of the efficiency of the SFO control system, as well as its performance during transients, over a wide range of both dc-link voltage references and loads. The validity of the proposed approach is verified by realistic simulation in a Matlab-Simulink environment.
INTRODUCTION
Since the 1930s, it has been known that a three-phase induction machine can work as a self-excited induction generator (SEIG) [1, 2] . Due to their simplicity, robustness, and small size per kW generated, induction generators are favoured for small hydroelectric and wind powered plants. One distinct advantage of the SEIG is its much lower unit cost compared with the conventional synchronous generator [3] . Recent widespread adaptation of power electronics and microcontrollers has enabled use of these generators with increased efficiency, for power generation of up to 500 kW when connected to the power grid. In contrast, the maximum power of a stand-alone SEIG does not go much beyond 15 kW [4] .
In isolated applications, an induction generator operates with three AC capacitors connected to the stator terminals, or with a power converter and a single dc capacitor [5] . Once an induction generator is excited, the capacitor maintains the excitation. The minimum dc capacitance required for the initiation of voltage buildup can be found in reference [6] . For a given capacitance, self-excitation can only be achieved and maintained over certain load and speed ranges. Even when the capacitor is properly chosen, additional mechanisms must be added to avoid demagnetization and to achieve better control of the voltage produced. Some of these mechanisms include field-oriented techniques [7] [8] [9] [10] [11] . Contemporary research focuses on control mechanisms using stator flux orientation as well as those using rotor flux orientation.
This paper investigates a control system for an induction generator that uses the stator flux orientation. Systematic analysis of this control system is carried out for wide ranges of both load and speed. The induction generator supplies a variable dc load. To provide an essentially constant terminal voltage, the product of the rotor speed and the stator flux should remain constant. In the recent literature, this product is constant over the operating range of the generator. In this paper, we introduce a new algorithm in which this product is constant at certain dc-load and dc-link voltage references. Complex variables (phasors) are denoted by bold font Latin: u ,i and Greek: ψ , respectively.
Since this paper focuses on modelling and behaviour of the electrical part of the system, the turbine is not taken into account. Rotor speed is taken as an independent and variable input into the model. Figure 1 shows the SFO control system of an induction generator. The stator flux reference is determined by a neural network. The induction generator shown in Fig. 1 can be described by the following equations in a reference frame with arbitrary angular speed ω a [12] 
Nomenclature

Induction Generator Model and Stator Flux Estimation
Equations (1) and (2) can be simplified by choosing the stationary reference frame (ω a = 0 ). By eliminating the rotor currents and rotor flux linkages from (2), we obtain the following equations, which include the stator currents and the rotor flux linkages as state variables
The magnetizing inductance as a function of the magnetizing current (L m = f (i m )) is required in Eqs. (7) and (8) . This is known, as it is calculated from the magnetization curve obtained from the traditional no-load test [13, 14] . Estimation of the stator flux is based upon Eqs. (5) and (6) , which are affected only by stator resistance variation.
Current Controlled Inverter Model, DC link and Load Model
By considering a resistive load connected to the dc link and assuming the inverter as an ideal current source that transfers energy between the dc-link and the induction generator, the dc-link can be represented by the following equation
where C is the dc-link capacitance and R dc is the resistive load. The initial voltage on the capacitor is denoted by u dc0 . Stator phase voltages created by the inverter are expressed in terms of the switching functions as
The total dc current i dc can be expressed using the inverter switching function as follows
The value of the switching function for any of the three inverter legs is determined by the hysteresis current con- troller of the given phase. In simulations, twice the hysteresis band equal to 0.1 is selected.
Stator Flux Oriented Control System
In order to model any field oriented control system, it is necessary to choose the synchronously rotating reference frame (d, q). This means that the arbitrary angular speed ω a becomes ω e . In the SFO control system, the stator flux vector is aligned with the d-axis, which means
Taking (4) into account, (2) becomes
where s is the Laplace operator (= d/dt). Taking (3) and (4) into account, (15) can be modified as
Rewriting (16) in the d, q reference frame and considering (14) , (16) becomes
Equations (17) and (18) indicate that the stator flux ψ sd is a function of both the i sd and i sq currents. In other words, there is a coupling effect. Consider the decoupler shown in Fig. 1 where the decoupling signal i dec is added to the stator flux control loop to generate the d-axis stator current reference i sd |. This decoupling signal can be calculated using the following equation [14] 
Hence, the stator flux in the SFO control system is controlled by the d-axis stator current in the d, q reference frame.
DETERMINATION OF STATOR FLUX REFERENCE
The goal of the control system for an induction generator is to maintain a constant stator voltage. In the steady state, from (1) and by neglecting R s , the no-load stator voltage (ω s = 0 ) can be written as [3, 11] 
This means that the stator voltage can be controlled indirectly by programming the machine stator flux. To keep the voltage on the terminals constant, the product of the speed and the flux should remain constant. As proposed in [3] and [11] , the following equation can be used to calculate the reference stator flux
However, (21) ensures stable and reliable operating regimes only for limited range of dc-load and dc-link voltage references. In applications, the magnetic saturation of the main magnetizing circuit (the maximum stator flux linkage) and the mechanical rating of a generator (the maximum rotor speed) are the key factors that limit stability. In order to ensure a constant stator voltage, the maximum rotor speed should correspond to the minimum stator flux linkage (the point (ω max , ψ smin )). Analogously, the maximum stator flux linkage should correspond to the minimum rotor speed (the point (ω min , ψ smax )). However, both points depend not only on the limits previously mentioned, but also on the dc-link voltage reference and load. Therefore, we propose a modification of (21) as follows
In order to establish how the magnetization factor x depends on the dc-link voltage reference and load, we used a simulation program similar to the program shown in Fig. 2 . The only difference is that the stator flux reference is not determined by a neural network, but manually, as will be described in the following text. Load ranges between 100 Ω and 700 Ω and dc-link reference ranges between 150 V and 450 V were studied. The maximum rotor speed is fixed at 150 rad/s. By using the simulation program, the minimum and maximum stator flux references were determined by trial and error over the dc-link voltage and load range (these points are denoted by the asterisks in Figs. 3-5) . Note that the stator flux reference is set manually for this purpose, not by the neural network. Figure 3 shows the dependence of the minimum stator flux reference on the rotor speed, obtained for the load R dc = 500 Ω and varying dc link voltage references. In addition, Fig. 4 shows the dependence of the minimum stator flux reference on the rotor speed, obtained for a dc link voltage of u * dc = 300 V and varying dc loads. The solid lines in Figs. 3, 4 approximate the curves outlined by the asterisks. However, none of the asterisks lie above the corresponding solid line. This ensures minimum system stability. Each curve shown in Figs. 3 and 4 is described by (21) with a different factor x (x min ).
We also obtained the dependence of the maximum stator flux reference on the rotor speed for variable dc-link voltages and loads, in a manner similar to that described for the minimum stator flux reference. Figure 5 shows the dependence of the maximum stator flux reference on rotor speed, obtained for the load R dc = 500 Ω and for varying dc-link voltage references. The solid lines in Fig. 5 approximate the curve outlined by the asterisks, but this time none of the asterisks lie below the related solid line. The factor x (x max ) is specified for each curve.
We noticed that the maximum stator flux reference does not depend significantly on the load. Figure 6 shows overall results obtained for the minimum and the maximum stator flux reference. The curves x min (u * dc , R dc ) and x max (u * dc , R dc ) determine the boundaries of system stability for particular dc-link voltages and loads.
In addition, we calculated the average factor x (x avg ) as the arithmetic mean of the minimum and maximum factors x obtained for each dc-link voltage reference and load. In simulations, this factor x is obtained for a particular dc-link voltage reference and load using a neural network as shown in Fig. 2 and as described in the following section.
Non-linear Mapping of the Magnetization Factor based on a Neural Network
The most commonly used ANNs are feedforward multilayer networks, where no information is fed back during application. Supervised learning methods are typically used, where the neural network is trained to learn the input/output patterns presented to it [16] .
In this paper, we utilize a three-layer neural network, where the input pat tern includes a set of dc link voltage references and loads. The output pattern includes a set of magnetization factors (the first ANN gives x min , the second ANN gives x max and the third ANN gives x avg ). We used trial and error to find a suitable neural network architecture. The number of neurons comprising each neural network is 2, 40 and 1, in the first, second and third layers, respectively (the structure is 2-40-1, as shown in Fig. 7) . The activation functions in the first layer and in the hidden layer are tan-sigmoid functions, and the activation function in the output layer is linear. Each neuron of the ANN is illustrated in Fig. 7 by a small circle. The neural network shown in Fig. 7 is able to map input/output patterns with a total network error equal to 10 −4 .
SIMULATION RESULTS
In this section, the SFO control system is evaluated both in terms of efficiency and in terms of performance during transients, over a wide range of both dc-link voltage references and loads.
In order to establish how different magnetization factors determine transients of the control system, a partic- Figure 8 shows the dc-link voltage obtained using minimum, maximum and average magnetization factors. Figures 9 and 10 show the average dc-link power and the stator flux reference obtained using these same magnetization factors. The dc-link power is averaged (filtered) over a 20 ms period. Faithful tracing of the dc-link voltage and average output power can be seen in Figs. 8 and 9 , respectively. Figure 10 shows that the magnetization factor is critical for determining the stator flux reference. For example, the highest magnetization factor results in the highest stator flux reference (Fig. 10a) and the minimum magnetization factor results in the lowest stator flux reference (Fig. 10b) . Figure 11 shows the mutual inductance as a function of time for the three magnetization factors. Only the highest magnetization factor causes the saturation of the mutual inductance. When the magnetization factor is equal to its minimum or average value, the mutual inductance remains unsaturated.
By analyzing the transients of the SFO control system, we recommend use of the average magnetization factor, because this factor, as opposed to the minimum or maximum magnetization factor, ensures that the system remains in its range of stability.
In order to illustrate the efficiency of the SFO control system for the aforementioned magnetization factors, the results obtained from the simulations are summarized in Tables 1, 2 and 3 as follows:  Table 1 shows the induction generator efficiency for fixed parameters u * dc = 300 V and R dc = 500 Ω. The rotor speed varies. Table 2 shows the induction generator efficiency for fixed parameters u * dc = 300 V and ω = 125 rad/s. The load varies. Table 3 shows the induction generator efficiency for fixed parameters R dc = 500 Ω and ω = 125 rad/s. The dclink voltage reference varies.
From Tables 1, 2 and 3, we can make the following  conclusions: 1) The minimum magnetization factor almost always results in the minimum efficiency, except over a low speed range when the minimum efficiency is obtained with the maximum magnetization factor (Table 1 , last column).
2) The maximum efficiency is achieved by using either the average or the maximum magnetization factor. 3) When the efficiency obtained using the maximum magnetization factor is higher than that obtained for the average magnetization factor, the efficiency difference is less than 2 %. 4) When the efficiency obtained using the average magnetization factor is higher than the efficiency obtained using the maximum magnetization factor, the efficiency improvement can be higher than 60 % ( Table 1 , last column). Importantly, in this paper we consider only the winding (conductor) fundamental losses of the induction generator. In low power induction machines, where the conductor losses dominate, this assumption is valid. For a more accurate efficiency calculation, magnetic losses, stray losses and mechanical losses should also be included.
CONCLUSION
A SFO control system for an induction generator is greatly influenced by the stator flux reference. In this paper, we introduce a new algorithm in which the product of the stator flux reference and the rotor speed is kept constant for certain dc-load and dc-link voltage references. The relationship between the stator flux reference and the rotor speed is determined by the magnetization factor. The stability of the system is limited to a range defined by the minimum and maximum magnetization factors.
A feedforward artificial neural network is able to map the dependence of the stator flux reference on the dc load and the dc voltage reference, in cases when the minimum, maximum or average magnetization factors are applied.
From the viewpoint of stability and efficiency, extensive computer simulations show that the best choice of magnetization factor is its average value. With this value, system stability is ensured and system efficiency is most often highest.
In future work, the control system will be upgraded with stator resistance identification.
Appendix (induction machine parameters)
P n = 1.5 kW, U n = 380 V, P = 4 ,Y, I n = 3. 
